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PERFORMANCE, THERMAL AND POWER
MANAGEMENT SYSTEM ASSOCIATED
WITH AN INTEGRATED CIRCUIT AND

RELATED METHOD

CROSS REFERENCE TO RELATED
APPLICATIONS

This applicationis a continuation application of U.S. appli-
cation Ser. No. 13/719,193 filed on Dec. 18, 2012, which
claims the benefit of U.S. provisional application No. 61/577,
304 filed on Dec. 19, 2011.

BACKGROUND

Advances in semiconductor manufacturing technology
have resulted in ever decreasing physical dimensions for the
various circuit elements, such as, for example, field effect
transistors, which are used in forming integrated circuits
(ICs). Many ICs in a given electronic device have different
functions and can operate at different frequencies. Typically,
all ICs and/or all parts of a given IC may receive a voltage
potential that is substantially uniform. However, as the mar-
ket for consumer electronics is constantly improving, there is
an increasing demand for smaller circuit packages that oper-
ate at increased speeds and consume less power for the pur-
pose of conserving battery-life, such as in wireless commu-
nication applications. As such, one method of conserving
power is to operate different ICs, or even different portions of
a single IC, with a voltage that is optimized for an application
use. Accordingly, power is conserved in the electronic device
by not applying more than sufficient power for a given one or
more of the ICs, according to the application use.

The voltage applied to a given IC for a given application
use may be determined during production testing. However,
environmental changes and process variations may change
operating characteristics for the given IC, even subsequent to
production testing of the given IC. For example, the fre-
quency of the given IC for the given operation may vary with
changes in temperature. Meanwhile, differences in transistor
strength and performance variations may dictate different
characteristic values that affect the operating frequency from
one IC to another for the given application use.

In addition, through switching of semiconductor devices,
the semiconductor material from which the semiconductor
devices are made ages. As the semiconductor material of the
IC ages, the transistors formed therein may be subject to
deleterious effects. For example, PMOS transistors may be
subject to negative biased temperature instability (NBTI),
such that larger DC gate-to-source voltages are required for
activation of the PMOS transistors. As another example,
NMOS transistors may be subject to channel hot carrier
(CHC) effects, such that the NMOS transistors can be
affected with higher slew, resulting in slower switching tran-
sitions at constant bias voltages. Due to the aging effect,
higher voltage levels may be required for the transistors of the
ICto operate with the same performance as during production
testing.

Therefore, there is a need for providing a management
system capable of optimizing performance, thermal charac-
teristics and power consumption of ICs.

SUMMARY OF THE INVENTION

The present invention provides a performance, thermal and
power (PTP) management system associated with an inte-
grated circuit. The PTP management system includes a per-
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formance circuit with adjustable configurations for simulat-
ing operations of the IC when receiving a supply voltage; a
sensing module configured to measure a characteristic of the
performance circuit; a memory for storing characterization
data associated with the IC; and a PTP controller configured
to set the performance circuit in a specific configuration
according to the characterization data and adjust a level of the
supply voltage according to the characteristic of the perfor-
mance circuit.

The present invention also provides a method for managing
performance, thermal and power of an integrated circuit. The
method includes providing a performance circuit with adjust-
able configurations for simulating operations of the IC when
receiving a supply voltage, providing characterization data
associated with the IC, setting the performance circuit in a
specific configuration according to the characterization data,
and adjust a level of the supply voltage according to a char-
acteristic of the performance circuit.

These and other objectives of the present invention will no
doubt become obvious to those of ordinary skill in the art after
reading the following detailed description of the preferred
embodiment that is illustrated in the various figures and draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

Further details, aspects and embodiments of the invention
will be described, byway of example only, with reference to
the drawings. Elements in the figures are illustrated for sim-
plicity and clarity and have not necessarily been drawn to
scale. Like reference numerals have been included in the
respective drawings to ease understanding.

FIG. 1 illustrates a functional diagram of a PTP manage-
ment system in accordance with an aspect of the present
invention.

FIG. 2 illustrates a diagram of a configurable PTP detector
in the performance circuit in accordance with an aspect of the
present invention.

FIG. 3 is a diagram illustrating the operation of the PTP
management system when performing DVEFES calibration in
accordance with an aspect of the present invention.

FIG. 4 is a diagram illustrating the operation of the PTP
management system when performing temperature compen-
sation adjustment in accordance with an aspect of the present
invention.

FIG. 5 is a diagram illustrating the operation of the PTP
management system when performing DC offset calibration
in accordance with an aspect of the present invention.

FIG. 6 illustrates a diagram of the performance circuit for
performing aging calibration in accordance with an aspect of
the present invention.

DETAILED DESCRIPTION

Certain terms are used throughout the following descrip-
tions and claims to refer to particular system components. As
one skilled in the art will appreciate, companies may refer to
a component by different names. This document does not
intend to distinguish between components that differ in name
but not function. In the following discussion and in the
claims, the terms “including” and “comprising” are used in an
open-ended fashion, and thus should be interpreted to mean
“including, but not limited to . . . ” Also, the term “couple” or
“couples” is intended to mean either an indirect or direct
electrical connection. Thus, if a first device couples to a
second device, that connection may be through a direct elec-
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trical connection, or through an indirect electrical connection
via other devices and connections.

FIG. 1 illustrates a functional diagram of a performance,
thermal and power (PTP) management system 100 in accor-
dance with an aspect of the present invention. The PTP sys-
tem 100 may be implemented for a power management inte-
grated circuit (PMIC), having one or more voltage potentials
which may be adaptively scaled within the PMIC. Alterna-
tively, the PTP system 100 may be implemented for one or
more separate PMICs. In such implementations, the PTP
system 100 may conserve power by providing an amount of
voltage that is a minimum sufficient voltage for a given appli-
cation use. As used herein, the term “application use” is used
to describe a use of the PMIC for its intended function, such
as in a consumer electronic device.

The PTP system 100 includes a PTP controller 12, a vari-
able power supply 14, a memory 16, a sensing module 18 and
aperformance circuit 20. The PTP controller 12 is configured
to control the operations of the variable power supply 14, the
sensing module 16 and the performance circuit 20. The vari-
able power supply 14 may be implemented to provide one or
more voltage potentials (hereinafter referred to as V) to one
of more PMICs. In the embodiment depicted in FIG. 1, the
variable power supply 14 is demonstrated as having a single
output voltage V .. However, it is to be understood that the
variable power supply 14 may be configured to have multiple
different outputs. In addition, the example of FIG. 1 is not
limited to a single variable power supply 14, but may include
aplurality of power supplies, each separately configurable by
the PTP controller 12.

In the embodiments of the present invention, the memory
16 may be an eFuse, a flash memory, or any of a variety of
memory types. The sensing module 18 may include one or
multiple types of sensors, such as voltage sensor, temperature
sensor, workload sensor or reliability sensor. The perfor-
mance circuit 20 may include one or more PTP detector, each
separately configurable by the PTP controller 12

FIG. 2 illustrates a diagram of a configurable PTP detector
in the performance circuit 20 in accordance with an aspect of
the present invention. Each PTP detector may include a plu-
rality ring oscillators RO1-RO12 made of logic devices, such
as NAND gates, NOR gates, inverters and any combination
thereof. The number and configuration of the ring oscillators
demonstrated in FIG. 2 are merely for illustrative purpose,
and do not limit the scope of the present invention. Each ring
oscillator may oscillate between states at a frequency that can
be variable based on an applied voltage, which may be the
voltage V, or another voltage supplied from the variable
power supply 14 (not shown in FIG. 2) or another power
supply. The PTP controller 12 may set the configuration of
each PTP detector so as to vary its characteristics, such as
NBTI or HCI sensibility. Each PTP detector may be imple-
mented to set the voltage V ,, for a target performance, such
as frequency, of an application use of the PMIC that may be
specifically associated with the switching of NMOS devices,
PMOS devices or any combination thereof.

Using a dynamic voltage and frequency scaling (DVES)
scheme, the PTP management system 100 of the present
invention is configured to achieve optimized thermal and
power performance of the PMIC by performing DVFS cali-
bration, temperature compensation adjustment, aging cali-
bration, and DC offset calibration. The purpose of DVFS
calibration is to compensate chip-to-chip process variations
of different PMICs and determine an optimized initial voltage
V, for operating a given PMIC at room temperature. The
purpose of temperature compensation adjustment is to pre-
vent the given PMIC from deviating from its target perfor-
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mance due to temperature variation and determine a corre-
sponding compensation voltage AV ., .. The purpose of DC
offset calibration is to determine a compensation voltage
AV, for compensating the voltage drop caused by inaccu-
racy or resistance of the given PMIC. The purpose of aging
calibration is to determine a compensation voltage AV . for
compensating the performance degradation of the given
PMIC due to aging effect. Thus, the voltage V,,, may be
adaptively set to (V ,+AV oy oAV , +AV , o) for optimiz-
ing thermal and power performance of the given PMIC. The
operation of the PTP management system 100 will be
explained in greater detail in the following paragraphs.

FIG. 3 is a diagram illustrating the operation of the PTP
management system 100 when performing DVFS calibration
in accordance with an aspect of the present invention. One or
more characteristic numbers may be obtained for a given
PMIC during production testing. For example, the relation-
ship between the minimum voltage V, ., (i.e. a minimum
sufficient voltage for a given application use of the PMIC) and
the operating frequency may be characterized by testing a
plurality of substantially similar PMICs at room temperature.
The characterization data (the voltage-frequency relationship
of'the PMIC) may then be stored in the memory 16.

In the embodiment depicted in FIG. 3, the horizontal axis
represents the operating frequency, and the vertical axis rep-
resents the operating voltage. Curves SS, TT and FF represent
the minimum voltage for operating devices made of slow
silicon, typical silicon and fast silicon at a given frequency at
room temperature, respectively. At a given voltage, the maxi-
mum operating frequency is limited by the device made of
slow silicon with the lowest performance. At a given operat-
ing frequency, the maximum power is consumed by the
device made of fast silicon. A characteristic number set may
be obtained by performing linear approximation on the char-
acterization data SS, TT and FF and stored in the memory 16.
Therefore, the PTP controller 12 may retrieve a characteristic
number corresponding to an operational frequency requested
by the software of the given PMIC, thereby setting the initial
voltage V,, with a minimum margin. In addition, different
initial voltages for different application uses of the given
PMIC may be set concurrently or at different times. As such,
the PTP controller 12 can retrieve the necessary one or more
characteristic numbers from characterization data stored in
the memory 16 every time the PTP controller 12 sets the
initial voltage V,, thereby minimizing the power consump-
tion of the given PMIC for the given application use regard-
less of process variations.

FIG. 4 is a diagram illustrating the operation of the PTP
management system 100 when performing temperature com-
pensation adjustment in accordance with an aspect of the
present invention. One or more characteristic numbers may
be obtained for a given PMIC during production testing. For
example, the relationship between the minimum voltage
Vo (1.e. a minimum sufficient voltage for a given applica-
tion use of the PMIC) and the operating frequency may be
characterized by testing a plurality of substantially similar
PMICs at a plurality of temperatures. The characterization
data (the voltage-frequency-temperature relationship of the
PMIC) may then be stored in the memory 16.

In the embodiment depicted in FIG. 4, the horizontal axis
represents the temperature measured by the thermal sensor in
the sensing module 18, and the vertical axis represents the
amount of voltage adjustment AV ., .. Curves T, ~Tx, rep-
resent the amount of voltage adjustment at a given tempera-
ture when operating at frequencies F1~F4, respectively,
wherein F1>F2>F3>F4. Therefore, the PTP controller 12
may retrieve a characteristic number AV ;5 .» corresponding
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to the measured temperature and an operational frequency
requested by the software of the given PMIC, thereby adjust-
ing the voltage V,,, from V, by an amount of AV ., for
compensating environmental variations.

FIG. 5 is a diagram illustrating the operation of the PTP
management system 100 when performing DC offset calibra-
tion in accordance with an aspect of the present invention.
One or more characteristic numbers may be obtained by
measuring the crossover voltages of the performance circuit
20 set in various configurations. When a device operates at its
crossover voltage, the operational frequency is least sensitive
to the temperature. The characterization data (the crossover
voltages of the performance circuit 20 in different configura-
tions) may then be stored in the memory 16.

In the embodiment depicted in FIG. 5, the horizontal axis
represents various configurations of the performance circuit
20 having different NBTI-sensitivity and HCI-sensitivity.
The vertical axis represents the crossover voltage V., at
which the operational frequency is least sensitive to the tem-
perature. When detecting a DC offset in the given PMIC, the
performance circuit 20 is set to a specific configuration whose
crossover voltage V ., best matches the PMIC voltage. The
voltage supplied to the performance circuit 20 of the specific
configuration is then adjusted for achieving the frequency
target, thereby acquiring the DC offset voltage AV . There-
fore, the PTP controller 12 may adjust the voltage V ,, from
V, by an amount of AV, which is least relevant to temper-
ate, thereby accurately compensating the voltage drop caused
by inaccuracy or resistance of the given PMIC.

FIG. 6 illustrates a diagram of the performance circuit 20
for performing aging calibration in accordance with an aspect
of'the present invention. In this embodiment, the performance
circuit 20 includes two PTP detectors D1 and D2 may be
made up of NBTI-sensitive and/or HCI-sensitive devices.
Though identical in circuit structure, the PTP detectors D1
and D2 are powered by power supplies PS1 and PS2, respec-
tively. In an operating life test (OLT) which simulates a long-
period of work environment with accelerated temperature and
voltage alterations in a short period of time, the non-aged PTP
detector D1 is powered on by the power supply PS1 during the
booting period and then powered off after the initialization is
completed, while the aged PTP detector D2 is powered on by
the power supply PS2 according to a system clock based on
which the PMIC operates. In the embodiment depicted in
FIG. 6, the PTP detectors D1 and D2 are demonstrated to have
respective power supplies PS1 and PS2. However, it is to be
understood that the PTP detectors D1 and D2 may also be
supplied by the variable power supply 14 which is controlled
by the PTP controller 12 according to different timing signals
for providing respective power-on periods.

In the embodiment depicted in FIG. 6, the sensing module
may measure the non-aged performance of the PTP detectors
D1 and the aged performance of the PTP detectors D2. The
aging compensation voltage V ., may be calculated based
on the difference between the non-aged performance and the
aged performance. Therefore, the PTP controller 12 may
adjust the voltage V,, from V, by an amount of AV .z,
thereby compensating for the aging effects of the semicon-
ductor material of the PMIC.

The PTP management system 100 of the present invention
is configured to perform DVFES calibration, temperature com-
pensation adjustment, aging calibration, and DC offset cali-
bration. The voltage V ,, supplied to a PMIC may be set to an
initial voltage which takes chip-to-chip process variations
into account and then dynamically adjusted according to tem-
perature variations, DC offset and/or aging effects. Therefore,
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the present invention may achieve optimized thermal and
power performance of the PMIC.

Those skilled in the art will readily observe that numerous
modifications and alterations of the device and method may
be made while retaining the teachings of the invention.
Accordingly, the above disclosure should be construed as
limited only by the metes and bounds of the appended claims.

What is claimed is:
1. A performance, thermal and power (PTP) management
system associated with an integrated circuit (IC), comprising:
a performance circuit with adjustable configurations for
simulating operations of the IC when receiving a supply
voltage having a level set to a predetermined value for a
given application use;
a sensing module configured to measure a characteristic of
the performance circuit which includes a non-aged per-
formance and an aged performance of the performance
circuit;
a memory for storing characterization data which includes
a voltage-frequency-temperature relationship of the IC
when operating at a plurality of predetermined tempera-
tures for the given application use, the non-aged perfor-
mance of the performance circuit, and the aged perfor-
mance of the performance circuit; and
a PTP controller configured to:
calculate a specific compensation voltage associated
with a temperature change at a specific frequency
according to the voltage-frequency-temperature rela-
tionship;

set the performance circuit in a specific configuration
according to the characterization data, wherein the
specific configuration is commensurate with a voltage
difference which is calculated based on a difference
between the non-aged performance and the aged per-
formance; and

adjust the level of the supply voltage according to the
characteristic of the performance circuit and the spe-
cific compensation voltage.
2. The PTP management system of claim 1, wherein:
the performance circuit includes a first PTP detector and a
second PTP detector having an identical circuitry;
the PTP controller is further configured to:
power on the first PTP detector during a booting
sequence of the IC and power off the first PTP detector
after the booting sequence of the IC ends; and

power on the second PTP detector according to a system
clock based on which the IC operates; and

the sensing module is further configured to measure the
non-aged performance based on the first PTP detector
and measure the aged performance based on the second
PTP detector.

3. A method for performance, thermal and power (PTP)
management system associated with an integrated circuit
(IC), comprising:

providing a performance circuit with adjustable configu-
rations for simulating operations of the IC when receiv-
ing a supply voltage;

powering on a first PTP detector of the performance circuit
during a booting sequence of the IC and powering off the
first PTP detector after the booting sequence of the IC
ends;

powering on a second PTP detector of the performance
circuit according to a system clock based on which the
1C operates;

setting the level of the supply voltage to a predetermined
value for a given application use;
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providing characterization data associated with the IC by
acquiring a voltage-frequency-temperature relationship
of'the IC when operating at a plurality of predetermined
temperatures for the given application use;

calculating a voltage difference based on a difference 5
between a non-aged performance of the performance
circuit and an aged performance of the performance
circuit;

setting the performance circuit in a configuration commen-
surate with the voltage difference; and 10

adjusting the level of the supply voltage according to a
characteristic of the performance circuit which includes
the non-aged performance of the performance circuit
and the aged performance of the performance circuit.

4. The method of claim 3, further comprising: 15

detecting a temperature change of the IC;

calculating a specific compensation voltage associated
with the temperature change at the specific frequency
according to the voltage-frequency-temperature rela-
tionship; and 20

adjusting the level of the supply voltage according to the
specific compensation voltage.

5. The method of claim 3, further comprising:

obtaining the non-aged performance of the performance
circuit based on the first PTP detector and obtaining the 25
aged performance of the performance circuit based on
the second PTP detector; and

setting the performance circuit in a configuration commen-
surate with the voltage difference.
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